Abstract. Accurate estimate of the neutrino cooling rates is required in order to study the various stages of stellar evolution of massive stars. Neutrino losses from proto-neutron stars play a crucial role in deciding whether these stars would be crushed into black holes or explode as supernovae. Both pure leptonic and weakinteraction processes contribute to the neutrino energy losses in stellar matter. At low temperatures and densities, characteristic of the early phase of presupernova evolution, cooling through neutrinos produced via the weak-interaction is important. Protonneutron quasi-particle random phase approximation (pn-QRPA) theory has recently being used for calculation of stellar weak-interaction rates of f p-shell nuclide with success. The lepton-to-baryon ratio (Y e ) during early phases of stellar evolution of massive stars changes substantially alone due to electron captures on 56 Ni. The stellar matter is transparent to the neutrinos produced during the presupernova evolution of massive stars. These neutrinos escape the site and assist the stellar core in maintaining a lower entropy. Here I present the expanded calculation of weak-interaction mediated neutrino and antineutrino cooling rates due to 56 Ni in stellar matter using the pn-QRPA theory. This detailed scale is appropriate for interpolation purposes and of greater utility for simulation codes. The calculated rates are compared against earlier calculations. During the relevant temperature and density regions of stellar matter the reported rates show little differences with the shell model rates and might contribute in fine-tuning of the lepton-to-baryon ratio during the presupernova phases of stellar evolution of massive stars.
Introduction
It was the genius of Baade & Zwicky [1] who were able to deduce the total energy released in a supernova explosion to be of the order of (3 × 10 51 − 10 55 ) erg on the basis of a few points of the light curve without any spectral information available at that time. Later Colgate & White [2] and Arnett [3] presented their classical work on energy transport by neutrinos and antineutrinos in non-rotating massive stars. Since then we have come a long way and despite the immense technological advancements the explosion mechanism of core-collapse supernovae continues to pose challenges for the collapse simulators throughout the globe. The prompt shock that follows the bounce stagnates and is incapable of producing a supernova explosion on its own. The stagnation is due to energy losses in disintegration of iron nuclei (so far cooked in the stellar pot) and through neutrino emissions (mainly non-thermal). The stellar matter is till then transparent to the neutrinos emitted. A few milliseconds after the bounce, the protoneutron star accretes mass at a few tenths of solar mass per second. This accretion, if continued even for one second, can change the ultimate fate of the collapsing core resulting into a black hole. Neutrinos have a crucial role to play in this scenario and radiate around 10% of the rest mass converting the star to a neutron star. Initially the nascent neutron star is a hot thermal bath of dense nuclear matter, e − e + pairs, photons and neutrinos. Neutrinos, having the weak-interaction, are most effective in cooling and diffuse outward within a few seconds, and eventually escape with about 99% of the released gravitational energy. Despite the small neutrino-nucleus cross sections, the neutrinos flux generated by the cooling of a neutron star can produce a number of nuclear transmutations as it passes the onion-like structured envelope surrounding the neutron star. The microphysics involved in these extreme processes is indeed complex and one should be very cautious in interpolating and/or extrapolating values of stellar parameters during various phases of stellar evolution. A lot many physical inputs are required at the beginning of each stage of the entire simulation process (e.g. collapse of the core, formation, stalling and revival of the shock wave and shock propagation). It is highly desirable to calculate these parameters with the most reliable physical data and inputs.
During the late phases of evolution of massive stars an iron core develops (of mass around 1.5M ⊙ ). Capture rates and photodisintegration processes contribute in lowering of the degeneracy pressure required to counter the enormous self-gravity force of the star. Under such extreme thermodynamic conditions, neutrinos are produced in abundance. Eventually the collapse of the iron core begins. The mechanism of corecollapse supernovae is strongly believed to depend upon the transfer of energy from the inner core to the outer mantle of the iron core. Neutrinos seem to be the mediators of this energy transfer. As mentioned above the shock wave, produced as a result, stalls due to photodisintegration and neutrino energy losses. Once again the part played by neutrinos in this scenario is far from being completely understood. In the latetime neutrino heating mechanism the stalled shock can be revived (about 1 s after the bounce) and may be driven as a delayed explosion [4] . However to date there have been no successfully simulated spherically symmetric explosions. Even the 2D simulations (addition of convection) performed with a Boltzmann solver for the neutrino transport fails to convert the collapse into an explosion [5] . (Recently a few simulation groups (e.g. [6, 7, 8] have reported successful explosions in 2D mode.) Additional energy sources (e.g. magnetic fields and rotations) were also sought that might transport energy to the mantle and lead to an explosion. World-wide core-collapse simulators are still working hard to come up with a convincing and decisive mode of producing explosions.
Neutrinos from core-collapse supernovae are unique messengers of the microphysics of supernovae and are crucial to the life and afterlife of supernovae. They provide information regarding the neutronization due to electron capture, the infall phase, the formation and propagation of the shock wave and the cooling phase. Cooling rate is one of the crucial parameters that strongly affects the stellar evolution. In stellar matter the neutrinos are produced from both weak-interaction reactions and pure leptonic processes. The later includes pair annihilation, bremsstrahlung on nuclei, plasmon decay and ν-photoproduction processes. White dwarfs and supernovae (which are the endpoints for stars of varying masses) have both cooling rates largely dominated by neutrino production. A cooling proto-neutron star emits about 3×10 53 erg in neutrinos, with the energy roughly equipartitioned among all species. The neutrino energy loss rates are important input parameters in multi-dimensional simulations of the contracting proto-neutron star. Parameter-free multi-dimensional models, with neutrino transport included consistently throughout the entire mass, yield conflicting results on the key issue of whether the star actually explodes. Reliable and microscopic calculations of neutrino loss rates and capture rates can contribute effectively in the final outcome of these simulations. Whereas neutrinos produced via pure leptonic processes dominate in the very high temperature-density domain during the very late phases of stellar evolution, the weak-interaction neutrinos also play an important role in cooling the core to a lower entropy specially during the early phases of stellar evolution. This work is primarily devoted to calculate the neutrino energy loss rates due to weak-interaction reactions (capture and β decays) on 56 Ni. 56 Ni is abundant in the presupernova conditions and weak-interaction reactions on this nucleus is believed to contribute effectively in the dynamics of presupernova evolution. Aufderheide and collaborators [9] ranked 56 Ni as the third most important electron capture nucleus averaged throughout the stellar trajectory for 0.4 ≤ Y e ≤ 0.5 during the presupernova evolution. Later Heger et al. [10] also identified 56 Ni as one of the most important nuclide for capture purposes for the presupernova evolution of massive stars (25M ⊙ and 40M ⊙ ). Realizing the importance of 56 Ni in astrophysical environments, Nabi and Rahman [11] reported the calculation of electron capture rates on 56 Ni using the pn-QRPA theory (see also Ref. [12] regarding the calculation of ground and excited state Gamow-Teller (GT) strength distributions of 56 Ni). In a recent review of theory of core-collapse supernovae, Janka and collaborators [13] again discussed the importance of electron capture rates on 56 Ni in presupernova evolution of massive stars.
It can be seen from Fig. 1 (Ref. [13] ) that during the onset of collapse (where t ∼ 0s) to the later stages (t ∼ 0.11s), iron and nickel isotopes are present in reasonable quantity. According to Auderheide and collaborators [9] , for Y e around 0. 5, 56 Ni is the most abundant nucleus having a mass fraction of around 0.99. Consequently electron capture rates on 56 Ni is an important process during these phases. During later stages after the bounce and shock propagation (t ∼ 0.12s) the photodisintegration of irongroup nuclei to alpha particles and protons results which marks the beginning of the proto-neutron star.
In this paper I analyze the weak-interaction neutrino energy loss rates (which I term as neutrino cooling rates throughout this text) due to this key isotope of nickel which is so abundant during the silicon burning phases of the stellar core. Due to the extreme conditions prevailing in these scenarios, interpolation of calculated rates within large intervals of temperature-density points might pose some uncertainty in the values of weak rates for collapse simulators. In this paper I describe the calculation of the neutrino and antineutrino cooling rates due to capture and decay rates on 56 Ni on an expanded temperature-density grid suitable for collapse simulation codes. Section 2 briefly discusses the formalism of the pn-QRPA calculations and presents some of the calculated results. Comparison with earlier calculations during stellar evolution of massive stars is also included in this section. I summarize the main conclusions in Section 3 and at the end Table I presents the expanded calculation of neutrino and antineutrino cooling rates due to 56 Ni in stellar matter.
Calculations and Results
The Hamiltonian of the pn-QRPA model, the model parameters and their selection criteria were discussed earlier in Ref. [12] . The neutrino (antineutrino) cooling rates can occur through four different weak-interaction mediated channels: electron and positron emissions, and, continuum electron and positron captures. It is assumed that the stellar matter is transparent to the neutrinos and antineutrinos produced as a result of these reactions during the presupernova evolutionary phases and contributes effectively in cooling the system. The neutrino (antineutrino) cooling rates were calculated using the relation
The value of D was taken to be 6295s [14] . B ′ ij s are the sum of reduced transition probabilities of the Fermi B(F) and GT transitions B(GT). The effective ratio of axial and vector coupling constants, (g A /g V ), was taken to be -1.254 [15] . The f ν ij are the phase space integrals and are functions of stellar temperature (T ), density (ρ) and Fermi energy (E f ) of the electrons. They are explicitly given by
and by
In Eqs. (2) and (3), w is the total energy of the electron including its rest mass, w l is the total capture threshold energy (rest+kinetic) for positron (or electron) capture. F(± Z,w) are the Fermi functions and were calculated according to the procedure adopted by Gove and Martin [16] . G ± is the Fermi-Dirac distribution function for positrons (electrons).
here E is the kinetic energy of the electrons and k is the Boltzmann constant. For the decay (capture) channel Eq. (2) (Eq. (3)) was used for the calculation of phase space integrals. Upper signs were used for the case of electron emissions (captures) and lower signs for the case of positron emissions (captures). Details of the calculation of reduced transition probabilities can be found in Ref. [17] .
The construction of parent and daughter excited states and calculation of GT transition amplitudes connecting these states within the pn-QRPA model is very important. The excited states in the pn-QRPA model can be constructed as phononcorrelated multi-quasi-particle states. The RPA is formulated for excitations from the J π = 0 + ground state of an even-even nucleus. The model extended to include the quasiparticle transition degrees of freedom yields decay half-lives of odd-mass and oddodd parent nuclei with the same quality of agreement with experiment as for even-even nuclei (where only QRPA phonons contribute to the decays) [18] . When the parent nucleus has an odd nucleon, the ground state can be expressed as a one-quasiparticle state, in which the odd quasiparticle (q.p) occupies the single-q.p. orbit of the smallest energy. Then there exits two different type of transitions: phonon transitions with the odd nucleon acting only as a spectator and transition of the odd nucleon itself. For the later case, phonon correlations were introduced to one-quasiparticle states in first-order perturbation [19] . The transition amplitudes between the multi-quasi-particle states can be reduced to those of single-quasi-particle states as shown below.
Excited states of 56 Ni can be constructed as two-proton quasiparticle (q.p) states and two-neutron q.p. states. Transitions from these initial states are possible to final proton-neutron q.p. pair states in the odd-odd daughter nucleus. The transition amplitudes and their reduction to correlated (c) one-q.p.states are given by
< n
For all the given q.p. transition amplitudes [Eqs. (6)- (13)], the antisymmetrization of the single-q.p. states was taken into account: p
GT transitions of phonon excitations for every excited state were also taken into account. Here I assumed that the quasiparticles in the parent nucleus remained in the same quasiparticle orbits. A detailed description of the formalism for the calculation of GT transition amplitudes can be found in Ref. [18] .
The total neutrino cooling rate per unit time per nucleus is given by
where λ ν ij is the sum of the electron capture and positron decay rates for the transition i → j and P i is the probability of occupation of parent excited states which follows the normal Boltzmann distribution.
On the other hand the total antineutrino cooling rate per unit time per nucleus is given by
where λν ij is the sum of the positron capture and electron decay rates for the transition i → j. The summation over all initial and final states was carried out until satisfactory convergence in the rate calculation was achieved. The pn-QRPA theory allows a microscopic state-by-state calculation of both sums present in Eqs. (14) and (15) . This feature of the pn-QRPA model greatly increases the reliability of the calculated rates over other models in stellar matter where there exists a finite probability of occupation of excited states.
Experimental data were incorporated wherever available to strengthen the reliability of the calculation. The calculated excitation energies (along with their logf t values) were replaced with the measured ones when they were within 0.5 MeV of each other. Missing measured states were inserted and inverse and mirror transitions were also taken into consideration. If there appeared a level in experimental compilations without definite spin and/or parity assignment, theoretical levels were not replaced (inserted) with the experimental ones beyond this excitation energy. The detailed analysis of the pn-QRPA calculated ground and excited state GT ± strength distributions of 56 Ni was presented earlier in Ref. [12] . The pn-QRPA model calculated the centroid of the GT + strength distribution to be around 5.7 MeV. This is to be compared with the FFN [20] value of 3.8 MeV and large scale shell model range of 2.5 -3.0 MeV [21] . Here I present the ground state cumulative GT strength in both directions (ΣS β ± ) for 56 Ni in Figure 1 . In the figure the upper panel shows the calculated summed B(GT + ) strength distribution (ΣS β + ) whereas the bottom panel depicts the calculated summed B(GT − ) strength distribution (ΣS β − ). The abscissa shows the daughter excitation energy ( 56 Co in upper panel and 56 Cu in lower panel) in units of MeV. It can be seen from Figure 1 that the GT ± distributions are well-fragmented and extend to high-lying daughter states. The model independent Ikeda sum rule is fulfilled in the calculation.
The pn-QRPA calculated neutrino cooling rates are depicted in Figure 2 . The figure shows the calculated rates as a function of stellar temperatures and densities. The upper, middle and lower panels depict the cooling rates at low ( 10 and 10 11 ) stellar densities, respectively. The neutrino energy loss rates are given in logarithmic scales (to base 10) in units of MeV.s −1 . In the figures and throughout the text T 9 gives the stellar temperature in units of 10 9 K. It can be seen from Figure 2 that at low stellar densities the cooling rates remain more or less the same as one increases the density by an order of magnitude. Considerable enhancement in neutrino cooling rates is witnessed as the stellar cores attain medium and high densities. This difference is more prominent in low temperature domain T 9 < 5. Specially in high density region of stellar core, the neutrino cooling rates increase by orders of magnitude as the core stiffens further. For a given temperature the neutrino energy loss rates increase monotonically with increasing densities.
The antineutrino energy loss rates are very small in magnitude as compared to the neutrino energy loss rates and as such these rates have a very small contribution in cooling of the stellar cores. This is because the positron capture on 56 Ni as well as the β-decay of 56 Ni is relatively suppressed as compared to the electron capture rates on 56 Ni. The calculated antineutrino cooling rates are depicted in Figure 3 . Once again I show the result in a three-panel format as before. There is a sharp exponential increase in the antineutrino cooling rates as the stellar temperature increases up to T 9 =5. Beyond this temperature the slope of the rates reduces with increasing density. For a given temperature the antineutrino energy loss rates increase monotonically with increasing densities. The rates are almost superimposed on one another as a function of stellar densities in low density domain. However as the stellar matter moves from the medium high density region to high density region these rates start to 'peel off' from one another. The neutrino and antineutrino energy loss rates are calculated on an extensive temperature-density grid point suitable for collapse simulations and interpolation purposes and presented at the end of this paper in Table I . The calculated rates are tabulated in logarithmic (to base 10) scale. In the table, -100 means that the rate is smaller than 10 −100 MeV.s −1 . The first column gives log(ρY e ) in units of gcm −3 , where ρ is the baryon density and Y e is the ratio of the electron number to the baryon number. Stellar temperatures (T 9 ) are stated in 10 9 K. Stated also are the values of the Fermi energy of electrons in units of MeV . λν(λν) are the neutrino(antineutrino) cooling rates in units of MeV.s −1 . The electronic versions (ASCII files) of these rates may be requested from the author.
The calculation of neutrino cooling rates was also compared with previous calculations. For the sake of comparison I took into consideration the pioneer calculations of FFN [20] and those performed using the large-scale shell model (LSSM) [22] . The FFN rates were used in many simulation codes (e.g. KEPLER stellar evolution code [23] ) while LSSM rates were employed in recent simulation of presupernova evolution of massive stars in the mass range 11-40 M ⊙ [10] . The neutrino energy loss rates have contributions both from electron capture and positron decay rates (Eq. (14)). Both of these weak interaction mediated processes are governed by the ground and excited state GT + strength distributions. As mentioned earlier the pn-QRPA model places the centroid of the ground state GT + strength distribution around 3 MeV (2 MeV) higher than the LSSM (FFN) centroid. Accordingly one expects a somewhat larger neutrino cooling rates due to previous calculations as compared to the reported rates. However at low temperatures and densities the pn-QRPA calculated positron decay rates are orders of magnitude bigger which causes an overall enhancement of the neutrino cooling rates (around a factor 5). During intermediate stellar temperature and density domains the three calculations are in excellent agreement. At higher temperatures and densities the pn-QRPA neutrino cooling rates are smaller up to an order of magnitude. The detailed comparison is presented below. Figure 4 depicts the comparison of neutrino cooling rates due to 56 Ni with earlier calculations at low densities. The upper panel displays the ratio of calculated rates to the LSSM rates, R ν (QRP A/LSSM), while the lower panel shows a similar comparison with the FFN calculation, R ν (QRP A/F F N). The graph is drawn for the low-density regions (ρY e [gcm −3 ] = 10 1 , 10 3 , 10 5 ) as a function of stellar temperature. Both graphs follow a similar trend. At low densities and temperatures the pn-QRPA cooling rates are bigger by as much as a factor of seven as compared to both FFN and LSSM rates. Otherwise the rates are in relatively good comparison specially as the core shifts to higher densities. As mentioned before the neutrino energy loss rates have contributions both from electron capture and positron decay rates (Eq. (14)). At ρY e [gcm −3 ] = 10 and T 9 =1, the pn-QRPA calculated electron capture rates are in reasonable comparison with the FFN and LSSM rates. On the other hand the pn-QRPA calculated positron decay rates are bigger by roughly 8 orders of magnitude. The decay rates are very sensitive function of available phase space (= Q β + E i − E j ). It is to be noted that Brink's hypothesis is not assumed in the current calculation. Brink's hypothesis states that GT strength distribution on excited states is identical to that from ground state, shifted only by the excitation energy of the state. In the current pn-QRPA calculation all excited states are constructed in a microscopic fashion as discussed earlier. This greatly increases the reliability of calculated rates. Since the electron capture is the dominant process the overall neutrino cooling rates is bigger only by a factor of seven at ρY e [gcm −3 ] = 10 and T 9 =1. As temperature increases the FFN and LSSM positron decay rates get in better comparison with the pn-QRPA rates whereas the FFN and LSSM electron capture rates surpass the pn-QRPA rates (due to a lower placement of the centroid of the GT + strength distribution). The reduced phase space at low temperatures is increased by finite occupation probabilities of parent excitation energies at high temperatures. At high temperatures the probability of occupation of the parent excited states (E i ) increases. FFN did not take into effect the process of particle emission from excited states (this process is accounted for in the present pn-QRPA calculation). FFN's parent excitation energies (E i ) are well above the particle decay channel and partly contribute to the enhancement of their weak rates at higher temperatures.
The comparison with the previous calculations improve at higher stellar densities. The situation is depicted in Figure 5 at stellar densities ρY e [gcm −3 ] = 10 6 , 10 7 , 10 8 . At low temperatures the comparison is excellent. This is roughly the region where weak interaction rates due to 56 Ni is considered to be most effective during the presupernova evolution of massive stars. Core-collapse simulators might find it interesting to note that all three calculations agree very nicely for the above mentioned range of stellar temperatures and densities. As T 9 ∼10, the LSSM and FFN cooling rates become stronger for reasons mentioned before. However the abundance of 56 Ni also decreases appreciably at high temperatures.
In high density regions the LSSM and FFN rates are bigger as expected. The situation is depicted in Figure 6 . Here one notes that the LSSM rates are bigger by as much as a factor of five at ρY e [gcm −3 ] = 10 9 , 1 ≤ T 9 ≤ 3 . At high stellar densities the weak rates are sensitive to the total GT strength rather than its distribution details. The LSSM calculated the total GT strength to be 10.1 [21] as compared to the pn-QRPA value of 8.9 [12] . The larger total GT strength of LSSM resulted in the enhancement of their rates at high densities. The corresponding FFN rates are enhanced at most by a factor of three at ρY e [gcm −3 ] = 10 11 to an order of magnitude at ρY e [gcm −3 ] = 10 9 .
Conclusions
The pn-QRPA theory was used to calculate the weak-interaction mediated neutrino and antineutrino cooling rates due to 56 Ni on a detailed temperature-density grid point suitable for simulation purposes. At low temperatures and densities the pn-QRPA cooling rates are enhanced. Otherwise the rates are in reasonable comparison with previous calculations. For physical conditions considered to be most effective for electron capture rates on 56 Ni (ρY e [gcm −3 ] ∼ 10 7 , 1 ≤ T 9 ≤ 5) the three calculations are in very good agreement. Whereas for high stellar temperatures and densities the LSSM and FFN cooling rates are much bigger (up to an order of magnitude). However the abundance of 56 Ni decreases appreciably at high temperatures and densities. According to Aufderheide and collaborators [9] , for Y e around 0. 5, 56 Ni is the most abundant nucleus having a mass fraction of around 0.99. The mass fraction of most abundant nuclei decreases appreciably as the Y e value decreases (e.g. it is of the order of 10 −2 when Y e ∼ 0.46 and decreases by another two orders of magnitude for still lower values of Y e ). During the earlier phases of presupernova evolution, due to its high abundance, electron capture on 56 Ni is very important and the rate of change of Y e is roughly around 25% alone due to electron capture on 56 Ni [9] . It is expected that the neutrino cooling rates due to 56 Ni might also have an effect on the presupernova evolution of massive stars. It is expected that the reported rates (see also [11, 12] ) might contribute in the fine-tuning of the Y e parameter during the various phases of stellar evolution of massive stars. Core-collapse simulators are suggested to check for possible interesting outcomes using the reported neutrino cooling rates. 3 , where ρ is the baryon density and Y e is the ratio of the lepton number to the baryon number. Temperatures (T 9 ) are given in units of 10 9 K. The calculated Fermi energy is denoted by E f and is given in units of MeV. λ ν (λν) are the total neutrino (antineutrino) cooling rates as a result of β + decay and electron capture (β − decay and positron capture) in units of MeV s −1 . All calculated rates are tabulated in logarithmic (to base 10) scale. In the table, -100 means that the rate is smaller than 10 −100 MeV s −1 . 
